Abstract: Chosen aspects of laser spectroscopy in a Paul trap have been discussed. On the example of interpretation of the experimental results for europium ion the advantages of the use of semiempirical atomic structure calculations have been proved. For the calculations a computer package, prepared and adopted by ourselves to be used on vector computers, has been applied.
INTRODUCTION
Recently hyperfine structure (hfs), which is a result of the electromagnetic interaction of electronic shells with a non-spherical nucleus, has been investigated intensively using of laser spectroscopy methods. The typical accuracy of hfs-splitting determination by means of laser spectroscopy on an atomic beam is in a range of MHz and in the case of the most precise measurements using laser-rf double resonance in a Paul trap experimental error may be less than a few Hz. Unfortunately, in order to interpret the results of the measurements for complex atoms very complicated and time consuming theoretical studies und calculations are necessary. A general purpose of our work is to reach in our calculations an accuracy comparable with the accuracy of the experiments. This requires further profound studies on the atomic structure theory as well as elaboration of new calculation methods. In this work we present our semi-empirical method of fine-and hyperfine structure analysis, including a special computer package prepared for calculations with the use of vector computers. Some results of the calculations obtained for europium ion Eu + are given.
EXPERIMENTS IN A PAUL TRAP
After pioneering work of Dehmelt and Toschek [1, 2] If V is a DC potential, the centre of the trap is a potential nodal point and an ion is expelled from the region. However, if V contains an oscillating component such as The trapped ions have a high kinetic energy rendering them useless for many applications, such as precision spectroscopy; therefore the ions have to be cooled. This is done by laser light. The laser frequency v L , is tuned below the resonance frequency v R , so that the energy of the photon is not sufficient to excite the atom. However, the ion can extract the missing energy from its own motion and thus reduce its kinetic energy. In other words, for ions with resonance frequency v R moving towards the source of laser light at velocity V the incident radiation is Doppler shifted into resonance so that (2) the centre of the trap becomes a region of minimum potential energy and, under certain conditions, positive and negative ions may be trapped there.
The energy absoiption process is accompanied by the transfer of momentum Δp = hv/c from the absorbed photon to the ion under consideration. Since emission may take place in any direction with the same probability, the net effect is to change the momentum of absorbing atoms by the quantity MΔV = hv/c. This results in a reduction of the kinetic energy of the ion, which means a decrease of temperature. The cooling of the ions by the laser light can be effected down to the socalled Dicke limit [3] which means that the residual motion amplitude of an ion is much smaller than the wavelength of the radiation used. In this limit the first-order Doppler broadening disappears and -since the temperature is in the range of μK-also the second-order Doppler effect is excluded. Thus, the ultimate resolution is determined by the natural linewidth of the investigated transition, or -in other words -the accuracy is only limited by the Heisenberg uncertainty For many applications in atomic spectroscopy, however, such a high precision is generally not required, since the calculations in atomic physics do not reach the same level of accuracy. In such cases large ion clouds may be more advantageous than single ions since they offer much higher signal-to-noise ratios. The ions then, of course, will move in regions of high electric fields and Doppler effect may limit the spectral resolution. Fortunately, for hyperfine measurements in the radiofrequency or microwave domain only the second-order Doppler effect appears, since even for large ion clouds of several mm diameter the ion oscillation amplitude is generally smaller then the wavelength of the radiation. In this case, as shown by Dicke [3] , the first-order Doppler effect shows up in sidebands at the ion oscillation frequencies, symmetrically around the unshifted and unbroadened central carrier. Second-order Doppler shifts, which limit the precision in these cases, are of the order of 10 -11 and are up to now negligible for calculable effects in atomic physics.
STUDIES OF THE ATOMIC STRUCTURE
Systematic investigations of atomic structure presented in this work are carried out in accordance with the scheme given in Fig well as hyperfine structure splittings, have been shown in order to illustrate relative magnitudes of different interactions in atomic structure. Mutual Coulomb repulsion of electrons leads to term structure, spin-orbit interaction causes fine structure splittings. Due to the interaction of the nuclear moments with the field in the place of nucleus, originating from orbital and spin angular momenta of electrons, the hyperfine structure splittings one observed. The hyperfine structure splittings of the levels of Eu + do not exceed 10 9 Hz whereas the whole atomic structure is six orders of magnitude greater and is of the order of ~10 15 Hz. Fig. 4 . As a result of electrostatic interaction between configurations with the same parity, which differ in quantum numbers of two electrons at most, the electronic states of the interacting configurations "mix" with one another. In other words the quantum numbers n and l are no more "good quantum numbers". Configuration mixing effects can be also caused due to spin-orbit interaction between configurations differing in quantum number n of one electron (with l>0). The above effects can influence the hyperfine splittings as well. In precise hyperfine structure calculations it is very important to include mixing effect of various electronic states via interaction with the nucleus. This leads to the "breakdown" of J quantum number describing total angular momentum of the electronic shell. Methods of semiempirical calculations of the atomic structure taking into account the effects discussed above have been subject of our studies for many years. As a result many-body parametrization methods of fine-as well as hyperfine-structure in many-configurations-approximation have been elaborated [4, 5] , The parametrization methods have been used by us in the analysis of the structure of many atoms e. g. Ti [6] ,V [7] , Co [8] , Ta [9] , Si [10] , Pb [11] ,
1. Parametrization of matrix elements of Hamiltonian
The Hamiltonian allowing to describe the fine structure of an atom is written traditionally in the form
where and the particular terms stand for as follows:
The Hamiltonian (4) permits to account for relativistic effects though the operators which constitute (4) are treated as effective operators acting on nonrelativistic wave function. The forms of the operators can be found in the papers [12] [13] [14] [15] [16] , It is not possible to evaluate the exact infinite energy matrix of this Hamiltonian; therefore the matrix has been truncated to a finite space, called a model space, containing only strongly interacting configurations.
The influence of distant configurations is included in the energy matrix calculated in the extended model space by addition of second order corrections to the first-order matrix elements The radial integrals are treated as free (or constrained) parameters which can be reckoned fitting the calculated levels to the experimental ones by the least squares method. It is very important to define the radial-integral parameters lucidly, since their starting values for the iterative fs LSQ-fit procedure can be taken from ab initio calculations, and because of their physical interpretation.
Hyperfine structure
The hyperfine structure splitting of atomic levels originates from the interaction of the electrons with the nuclear magnetization and non-spherical nuclear charge distribution. For all except for the most accurate measurements the hyperfine interaction can be described very well by the magnetic-dipole (Ml) and electric-quadrupole (E2) interaction, and the results expressed in terms of nuclear magnetic-dipole and electric-quadrupole moments. If the hyperfine interaction is treated as a perturbation of the fine structure interaction, the hyperfine energy can be expressed as:
eigenvector amplitudes. H hƒs (M1) and H hƒs (E2) are the familiar one-body hƒs operators given by Sandars and Beck [17] in the following forms: 
(8)
where and are one-electron parameters, which can be treated either as free parameters, or calculated theoretically ab initio. The hyperfine energy can be written in the usual form:
where and A(Ψ) and are the hfs constants for magnetic-dipole and electric-quadrupole interactions,
respectively. Combining (6) and (9) we obtain A further factorization of the contributions from single electrons into angular and radial parts in the case of configuration l N l 1 l 2 yields:
are the angular coefficients originating from the one-body hfs operator.
The second-order perturbation theory has been used to calculate the "repulsion effect"
between different hfs sublevels with the same quantum number 
THE COMPUTER PACKAGE
The structure of the computer package prepared and adopted for calculations by the use of vector computers is given in Fig. 5 . EMATRIX and ATOM programs described in this paper are the part of a set of FORTRAN programs for fine-and hyperfine structure analysis of complex atoms. These programs can be run on any system provided with a FORTRAN compiler. 
APPLICATION OF THE COMPUTER PACKAGE TO INTERPRETATION OF EXPERIMENTAL RESULTS OF Eu +
As it was mentioned above, in the interpretation of experimental results for the ground level and low-lying metastable levels of the 4ƒ 7 6s configuration in Eu + the contributions due to the spin-orbit interaction with high-lying levels belonging to the same configuration, as well as the electrostatic interactions with other odd parity configurations, have to be considered. Hence in The rank of the generated energy matrix here is 5654, it includes 15 submatrices. The largest one (for J = 4) is of the rank 840. This means that for the one state with J = 4 we are able to consider the contributions from 839 other states in the first-order of perturbation theory. In Table I Fig. 5 ). The wavefunctions are necessary to generate the angular coefficients using JOTRI and NAD ALL programs. In the least square fit procedure the equations (12) and (13) 
CONCLUSIONS
In this work the atomic structure analysis of a complex system performed for europium ion has been presented as an example of the extensive semiempirical fine-and hyperfine structure calculations. These calculations have been possible through the use of computer package prepared for vectors computers. The results of the calculations have shown that configuration interactions are significant and they have to be considered in interpretation of very precise measurements in a Paul trap.
